The postsynaptic side of the synapse is specialized to receive the neurotransmitter signal released from the presynaptic terminal and transduce it into electrical and biochemical changes in the postsynaptic cell. The cardinal functional components of the postsynaptic specialization of excitatory and inhibitory synapses are the ionotropic receptors (ligandgated channels) for glutamate and g-aminobutyric acid (GABA), respectively. These receptor channels are concentrated at the postsynaptic membrane and embedded in a dense and rich protein network comprised of anchoring and scaffolding molecules, signaling enzymes, cytoskeletal components, as well as other membrane proteins. Excitatory and inhibitory postsynaptic specializations are quite different in molecular organization. The postsynaptic density of excitatory synapses is especially complex and dynamic in composition and regulation; it contains hundreds of different proteins, many of which are required for cognitive function and implicated in psychiatric illness. E xcitatory synapses on principal neurons of mammalian brain occur mainly on tiny protrusions called dendritic spines (Bourne and Harris 2008). In contrast, inhibitory synapses are formed on the shaft of dendrites, or on cell bodies and axon initial segments. The postsynaptic side of excitatory synapses differs from inhibitory synapses not only in their content of neurotransmitter receptors but also in their morphology and molecular composition and organization. In part because of their greater abundance and distinctive structure, much more is known about the postsynaptic organization of central excitatory (glutamatergic) synapses.
E
xcitatory synapses on principal neurons of mammalian brain occur mainly on tiny protrusions called dendritic spines (Bourne and Harris 2008) . In contrast, inhibitory synapses are formed on the shaft of dendrites, or on cell bodies and axon initial segments. The postsynaptic side of excitatory synapses differs from inhibitory synapses not only in their content of neurotransmitter receptors but also in their morphology and molecular composition and organization. In part because of their greater abundance and distinctive structure, much more is known about the postsynaptic organization of central excitatory (glutamatergic) synapses.
THE POSTSYNAPTIC DENSITY OF EXCITATORY SYNAPSES
Excitatory synapses are characterized by a morphological and functional specialization of the postsynaptic membrane called the postsynaptic density (PSD), which is usually located at the tip of the dendritic spine. The PSD contains the glutamate receptors that are activated by the glutamate neurotransmitter released from the presynaptic terminal, as well as a host of associated signaling and structural molecules. A set of abundant scaffold proteins holds together the PSD by binding to the glutamate receptors, other postsynaptic receptors and adhesion molecules, cytoplasmic signaling enzymes, and cytoskeletal elements. The generally accepted roles for the PSD are to mediate the apposition of pre-and postsynaptic membranes, to cluster postsynaptic receptors, and to couple the activation of postsynaptic receptors to biochemical signaling events in the postsynaptic neuron.
The PSD was first observed in electron micrographs as a fuzzy electron-dense thickening of the postsynaptic membrane that is apposed to the presynaptic active zone (hence the term "asymmetric" synapses) (Gray 1959; Siekevitz 1985) . The PSD is essentially a proteinaceous organelle attached to the postsynaptic plasma membrane and held by cytoplasmic actin filaments (Siekevitz 1985; Kennedy 2000; Sheng and Kim 2002; Funke et al. 2004) . PSDs typically have a disclike shape, although larger PSDs are often irregular or perforated. They are highly heterogeneous in size: diameter 200-800 nm (mean 300-400 nm) and thickness 30-60 nm (Carlin et al. 1980) . The size of the PSD correlates with the size of the dendritic spine in which they are located and with the abundance of postsynaptic glutamate receptors (Kasai et al. 2003) , consistent with the idea that bigger synapses are stronger synapses. The molecular mass of the average PSD has been calculated to be 1 gigadalton (Chen et al. 2005) , which would correspond to 10,000 copies of a 100 kDa protein.
COMPONENTS OF THE PSD
In pioneering experiments of the 1970s, PSDs were purified by detergent treatment of synaptosomes isolated by density gradient centrifugation (Davis and Bloom 1973; Cotman et al. 1974; Blomberg et al. 1977; Cohen et al. 1977) . Early analysis of PSD structure and composition by electron microscopy (EM) and gel electrophoresis led Siekevitz to hypothesize that changes in the concentration and conformation of PSD proteins may lead to long-term changes in synapses and neuronal circuits (Siekevitz 1985) .
In the 1990s, peptide sequencing of PSD components separated by gel electrophoresis enabled the identification of a variety of abundant PSD proteins, including PSD-95 and calcium calmodulin-dependent kinase II (CaM-KII) (Cho et al. 1992; Walsh and Kuruc 1992; Kennedy 2000) . Antisera raised against purified synapses also led to cloning of many PSD proteins (Kistner et al. 1993; Langnaese et al. 1996; Garner et al. 2000) . Another fruitful approach to find PSD proteins was yeast twohybrid screens for interacting proteins using known postsynaptic proteins as "bait." For instance, yeast two-hybrid screens with the cytoplasmic tails of N-methyl-D-aspartate (NMDA) receptors and K þ channels revealed that these membrane proteins bind directly to the PSD-95 family of proteins (Kim et al. 1995; Kornau et al. 1995; Niethammer et al. 1996) . Similarly, PSD-95 was found to bind to multiple other PSD proteins, including SynGAP and GKAP; the latter in turn interacts with Shank (Funke et al. 2004; Kim and Sheng 2004) .
The development of mass spectrometry (MS) greatly accelerated the identification of PSD components in purified PSDs (Walikonis et al. 2000; Sheng and Hoogenraad 2007; Bayes and Grant 2009 ). For instance, Peng et al. identified 400 PSD proteins and categorized them into 13 functional groups, of which actin-cytoskeletal, kinase signaling and GTPase signaling pathways were highly represented (Fig. 1A ) (Peng et al. 2004 ). Many of these proteins were unexpected and their functional significance in the PSD remains unknown. The total number of putative PSD proteins identified in various studies ranges from a few hundred to approximately 2000 (Jordan et al. 2004; Li et al. 2004; Peng et al. 2004; Yoshimura et al. 2004; Trinidad et al. 2008; Bayes et al. 2011) . A common set of PSD proteins ( 460 proteins) has been deduced based on overlapping results from multiple proteomic studies (Collins et al. 2006) . However, such protein lists likely contain some false positives arising from impurity of the PSD preparations (e.g., contamination by mitochondria and other organelles). Conversely, MS surveys may have missed true PSD proteins that are rare in abundance or loosely associated with the PSD. In addition to purification by differential centrifugation, PSDs (or subcomplexes thereof ) have also been isolated by antibody affinity purification. MS analysis of protein complexes associated with PSD-95 and NMDA receptors have led to the identification of 288 and 77 proteins, respectively, which are largely overlapping and likely to include a core set of proteins of the PSD (Husi et al. 2000; Dosemeci et al. 2007) .
In an important advance, quantitative MS and imaging methods enabled neuroscientists to determine the relative molar abundance of key PSD components (Fig. 1B) (Peng et al. 2004; Sugiyama et al. 2005; Cheng et al. 2006) . CaMKIIa and CaMKIIb are by far the most abundant proteins, with 4800 and 800 copies in an average size PSD, respectively. Other highly abundant molecules are scaffolds of the PSD-95 family ( 400 copies, of which 300 are PSD-95) and SynGAP (a Ras GTPase-activating protein [GAP] that binds to PSD-95; 360 copies). The number of PSD-95 family proteins is much greater than the number of NMDA and a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor complexes measured in the PSD ( 15-20 of each). This molar surplus of the PSD-95 family proteins more than their glutamate receptor binding partners 
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MS is also useful for discovery of posttranslational modifications (such as phosphorylation) of PSD proteins (Yoshimura et al. 2002; Jaffe et al. 2004; Collins et al. 2005; Trinidad et al. 2006; Kang et al. 2008; Trinidad et al. 2008) . For instance, activation of NMDA receptors led to the phosphorylation of .100 PSD proteins, and activation of different postsynaptic receptors (i.e., NMDA vs. metabotropic glutamate receptors) induces differential phosphorylation in overlapping PSD proteins (Coba et al. 2009 ). Such proteomic approaches will be valuable to understand the molecular mechanisms of synaptic plasticity and of neurological diseases affecting synaptic function.
It should be noted that PSD protein composition varies considerably between different brain regions and probably between different cell types (Zhang et al. 1999; Cheng et al. 2006; Vullhorst et al. 2009 ). For instance, CaMKIIa is selectively present at the PSDs of glutamatergic neurons, whereas ErbB4 and citron are mainly present at postsynaptic sites on GABAergic interneurons in the hippocampus. This suggests that mechanisms of excitatory postsynaptic signaling differ between neuronal cell types.
MEMBRANE PROTEINS OF THE PSD
Only a small fraction of the protein components of the PSD have been extensively studied. Among the better understood groups are the membrane proteins, which include the cardinal functional proteins of the excitatory synapsethe glutamate receptors (AMPA, NMDA, and metabotropic glutamate receptors)-as well as other ion channels and adhesion molecules (see Smart and Paoletti 2011; Missler et al. 2011) .
Postsynaptic cell adhesion molecules within and surrounding the PSD bind to specific proteins in the presynaptic membrane to mediate the synaptic contact and alignment. During the initial contact of axons and dendrites, the interaction of pre-and postsynaptic cell adhesion molecules may determine the specificity of axodendritic contacts and drive synapse formation and maturation (Craig and Kang 2007; Sudhof 2008; Shen and Scheiffele 2010) . The best-known example of heterophilic and transsynaptic adhesion is that mediated by presynaptic neurexins and postsynaptic neuroligins. The cytoplasmic tails of neuroligins bind to PSD scaffold proteins including PSD-95 , whereas presynaptic neurexins bind to scaffolds such as CASK (Hata et al. 1996) ; such sets of protein -protein interactions provide a transsynaptic link between the PSD and the presynaptic active zone.
Given the diversity of synapse types in the nervous system, it is not surprising that there are multiple additional sets of adhesion molecules in the PSD that can induce synaptogenesis (see below). Perhaps different combinations of these transsynaptic adhesion molecules regulate synaptic specificity and affinity.
The classic adhesion molecule N-cadherin is also present in the PSD ( 30 copies in an average size PSD) and critical for synapse integrity (Tai et al. 2008) . In addition to binding in homophilic fashion to presynaptic N-cadherin, N-cadherin can also bind to AMPA receptors (Saglietti et al. 2007 ) and to b-catenin, a protein of the PSD that links N-cadherin to actin filaments. N-cadherin is dynamically involved in transsynaptic signaling and structural/functional synaptic plasticity (Tai et al. 2008) .
SCAFFOLD PROTEINS OF THE PSD
The PSD contains a large number of scaffolding proteins including PSD-95 (also known as SAP90), GKAP (or SAPAP), Shank (or Pro-SAP), and Homer (or Vesl). All these proteins are represented by multiple family members and splice variants. Synaptic scaffolding proteins are usually abundant in the PSD and contain multiple domains for protein-protein interaction (Fig. 2) . A frequent feature of PSD scaffold proteins is the PDZ domain-a 90 amino acid-long module that usually interacts with a peptide motif located at the very carboxyl terminus of binding partners (Funke et al. 2004; Kim and Sheng 2004; Feng and Zhang 2009 ). Three PDZ domains are found in PSD-95 (a founding member of the PDZ protein family), allowing it to interact with many other proteins of the PSD .
PSD-95
PSD-95 is the best studied of PSD scaffolds since its identification in the early 1990s (Cho et al. 1992; Kistner et al. 1993) . A widely accepted function of PSD-95 and its family members (PSD-93/chapsyn-110, SAP97, and SAP102) is to bind to and tether or stabilize various membrane proteins and signaling molecules in the PSD (Fig. 3 ) . It is therefore centrally involved in multiple aspects of synaptic function Fitzjohn et al. 2006; Nicoll et al. 2006) . Via its first two PDZ domains, PSD-95 binds directly to the carboxy-terminal tails of GluN2 (also known as NR2) subunits of NMDA receptors (Kornau et al. 1995; Niethammer et al. 1996) . In this way, PSD-95 appears to stabilize NMDA receptors at the cell surface (Roche et al. 2001; Prybylowski et al. 2005) . Phosphorylation of GluN2 subunits affects their interaction with PSD-95 and regulates GluN2 subunit composition at synapses (Chen and Roche 2007; Sanz-Clemente et al. 2010) . PSD-95 clusters GluN2 subunits in heterologous cells ; however, it remains uncertain Perhaps more important than receptor clustering is the ability of PSD-95 to assemble an NMDA receptor-associated protein complex, thereby facilitating the functional coupling of NMDA receptors with downstream signaling molecules in the PSD, such as nitric oxide synthase (Aarts et al. 2002) , Kalirin-7, a Rac guanine nucleotide exchange factor (GEF) that regulates dendritic spine morphology (Penzes et al. 2008) , and SynGAP, a GTPase activating protein (GAP) for Ras (Chen et al. 1998; Kim et al. 1998 Kim et al. , 2005 . Conversely, PSD-95 can also recruit signaling proteins (e.g., AKAP79/150 and calcineurin [also known as protein phosphatase 2B]) that modulate the function of glutamate receptors (Bhattacharyya et al. 2009 ). It is possible that different members of the PSD-95 family bind to different overlapping sets of proteins in synapses.
By binding to the carboxyl terminus of transmembrane TARPs (accessory subunits of AMPA receptors), PSD-95 recruits AMPA receptors to synapses and can thereby determine synaptic strength (Chen et al. 2000; Schnell et al. 2002; Nicoll et al. 2006; Bats et al. 2007 ). Overexpression of PSD-95 increases AMPA receptor-mediated excitatory synaptic transmission (El-Husseini et al. 2000) , whereas RNAi knockdown of PSD-95 decreases it (Elias et al. 2006; Futai et al. 2007) , with relatively little effect on NMDA receptor-mediated transmission. Consistent with the control of synaptic strength by PSD-95, stronger synapses are correlated with larger PSDs and a higher content of PSD-95 and AMPA receptors. The crucial role of PSD-95 in organization of the PSD is shown by the PSD disintegration that occurs on RNAi knockdown of PSD-95 .
PSD-95-dependent increase in synaptictransmission appears to share common mechanisms with long-term potentiation (LTP), a form of activity-dependent increase in synaptic strength. For instance, overexpression of PSD-95 in hippocampal slices increases AMPA receptormediated synaptic transmission that occludes LTP (Stein et al. 2003; Ehrlich and Malinow 2004; Beique et al. 2006 ). However, it seems unlikely that an increase in postsynaptic PSD-95 accounts for the early phase of LTP (E-LTP), because PSD-95 does not accumulate in synapses during E-LTP ).
The evidence is stronger that PSD-95 is functionally involved in long-term depression (LTD). LTD is impaired by RNAi knockdown or genetic disruption of PSD-95 in mice, and it can be enhanced by PSD-95 overexpression (Migaud et al. 1998; Beique and Andrade 2003; Stein et al. 2003; Ehrlich et al. 2007; Carlisle et al. 2008; Xu et al. 2008) . Activity-dependent dephosphorylation of PSD-95 (leading to destabilization of PSD-95 in the PSD), and PSD-95-mediated interactions with key signaling proteins (such as AKAP79/150 and protein phosphatases), may underlie the importance of PSD-95 in LTD Xu et al. 2008; Bhattacharyya et al. 2009; Han et al. 2009 ).
Another function of PSD-95 is to organize synaptic adhesion by binding to the carboxyterminal tails of many of the postsynaptic adhesion molecules including neuroligins, NGLs (netrin-G ligands), SALMs (synaptic adhesionlike molecules), and LRRTMs (leucine-rich repeat transmembrane neuronal) Craig and Kang 2007; Sudhof 2008; Brose 2009; Shen and Scheiffele 2010 ; see also Missler et al. 2011) . By interacting simultaneously with adhesion molecules, glutamate receptors and signaling proteins, PSD-95 family proteins can play a central role in the morphological and functional maturation of synapses at sites of axon -dendrite contact (Han and Kim 2008) .
GKAP, Shank, and Homer
The GKAP family of scaffolding proteins (GKAP/SAPAP1-4) interacts with the carboxyterminal GK-like domain of PSD-95 family proteins (Kim et al. 1997; Takeuchi et al. 1997 ). The carboxyl terminus of GKAP, in turn, interacts with the PDZ domain of Shank, which binds to Homer. These three stoichiometrically abundant proteins form an axis of interacting scaffolds in the deeper part of the PSD, linked to PSD-95 that is attached to the postsynaptic membrane (Fig. 3) .
The Shank family of scaffolds (Shank1 -3) (Sheng and Kim 2000; Boeckers et al. 2002) are large proteins ( 200 kDa) with multiple protein interaction domains that undergo differential splicing (Fig. 2) . Functionally, Shank promotes dendritic spine growth and synaptic transmission in collaboration with Homer (Sala et al. 2001; Hung et al. 2008) .
The Homer family of scaffolding proteins (Homer1-3) are scaffolding proteins that associate with Shank and group I metabotropic glutamate receptors (mGluR1 and mGluR5), thereby linking Shank with mGluRs Tu et al. 1999 ). This set of protein interactions could facilitate a functional interaction between PSD-95-associated NMDA receptors and mGluRs. Homer also interacts with dynamin-3 to link the PSD with the endocytic zone, a specialized region for endocytosis located outside the PSD and within the dendritic spine Newpher and Ehlers 2008) .
Other PSD Scaffolds
Other scaffolds of the PSD include IRSp53 (insulin substrate protein of 53 kDa), which directly interacts with PSD-95 and Shank, and acts as a downstream effector of Rac1 for the regulation of actin polymerization in dendritic spines (Soltau et al. 2004; Choi et al. 2005) . AKAP79/150 interacts with PSD-95 and functions as an adaptor bringing AKAP-associated enzymes such as protein kinase A and calcineurin to the PSD for regulation of glutamate receptors and synaptic function (Tavalin et al. 2002; Bhattacharyya et al. 2009 ). AMPA receptor binding scaffolds GRIP and PICK1 are present but not selectively enriched in the PSD, suggesting they have roles primarily in AMPA receptor trafficking (Shepherd and Huganir 2007) .
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SIGNALING PROTEINS OF THE PSD
The PSD contains a diversity of cytoplasmic signaling molecules such as kinases (e.g., CaMKIIa and nonreceptor tyrosine kinases) and phosphatases (e.g., serine/threonine protein phosphatase 1 and protein tyrosine phosphatases) (Sheng and Hoogenraad 2007; Bayes and Grant 2009) . CaMKIIa binds a variety of PSD proteins including NMDA receptors; the latter interaction not only promotes synaptic localization of CaMKIIa but also "locks" CaM-KII in an active conformation (Shen and Meyer 1999; Bayer et al. 2001) . CaMKIIa-which is typically activated by calcium influx through NMDA receptors-stimulates synaptic delivery of AMPA receptors and is critical for LTP (Hayashi et al. 2000) . CaMKIIa also acts as a scaffold to bind and recruit proteasomes to activated dendritic spines, and is important in this way for activity-induced turnover of ubiquitinated proteins in spines (Bingol et al. 2010 ). This scaffolding function of CaMKIIa provides an explanation for the extremely high abundance of CaMKIIa at the synapse. CaMKIIb also performs a structural role by binding to F-actin and stabilizing dendritic spine structure (Okamoto et al. 2007) .
Also highly represented in the PSD are small GTPases (Ras, Rap, Rac, Rho, Ral, and Arf ) and numerous GEFs and GAPs that regulate them (Newpher and Ehlers 2008; Penzes et al. 2008; Saneyoshi et al. 2008) . Synaptic small GTPases regulate multiple aspects of synaptic structure and function; for instance, Ras and Rap regulate AMPA receptor trafficking during LTP and LTD, respectively (Zhu et al. 2002) , whereas Rac and Rho control F-actin polymerization and the structure and dynamics of dendritic spines (Newey et al. 2005; Tada and Sheng 2006) . Related GEFs and GAPs also affect synaptic structure and function; Kalirin-7, bPIX, and Tiam1 are GEFs that positively regulate Rac1 activity and promote dendritic spine morphogenesis (Penzes et al. 2008 ). The RasGAP SynGAP dampens Ras signaling and in this way influences mitogen-associated protein (MAP) kinase signaling and synaptic plasticity (Chen et al. 1998; Kim et al. 1998 Kim et al. , 2005 . The Rap-specific GAP, SPAR, regulates actin cytoskeleton and dendritic spine morphology and is the target for phosphorylation-induced degradation by pololike kinase 2 (Plk2) (Pak et al. 2001; Pak and Sheng 2003) .
THREE-DIMENSIONAL STRUCTURE OF THE PSD
Advanced EM studies have revealed details of the three-dimensional (3D) structure of the PSD (Petersen et al. 2003) . The synaptic cleft side of the PSD contains granular particles (5 -15 nm in diameter, likely membrane protein complexes), as well as membrane patches (50 -100 nm in diameter) that might represent lipid rafts. The cytoplasmic face of the PSD is convoluted and contains irregular protrusions extending into the cytoplasm, which are probably formed largely from CaMKIIa.
Specific proteins are differentially positioned in the perpendicular axis of the PSD, revealing a laminar organization of the PSD (Fig. 3) . The PDZ domains of PSD-95 are located close to the postsynaptic membrane surface, consistent with PSD-95 interactions with many membrane proteins. In contrast, GKAP, Shank, and CaMKIIa proteins are localized nearer the cytoplasmic side of the PSD ( 24 -26 nm from the membrane) (Valtschanoff and Weinberg 2001; Petersen et al. 2003; Rostaing et al. 2006) . This difference has been confirmed using super-resolution fluorescence imaging techniques (Dani et al. 2010) .
In the horizontal plane of the PSD, NMDA receptors appear on average more centrally located than AMPA receptors (Kharazia and Weinberg 1997; Racca et al. 2000; Tarusawa et al. 2009 ). This differential distribution is consistent with the notion that NMDA receptors are relatively stably incorporated into the PSD, whereas AMPA receptors are undergoing more dynamic exchange with extrasynaptic receptors (Cognet et al. 2006; Triller and Choquet 2008) . PSD-95 is more evenly distributed throughout the horizontal plane of the PSD (DeGiorgis et al. 2006) .
The 3D structures of individual PSD proteins can assist our understanding of PSD organization. Purified recombinant PSD-95 and its relative SAP97 exist in a C-shaped or extended conformations (Nakagawa et al. 2004 ). Shank3, which is known to self-multimerize , can form large sheetlike structures in which individual helical fibers are stacked side by side (Baron et al. 2006) . Zn 2þ markedly increases the assembly of the sheet structures. Zn 2þ is often released together with glutamate from presynaptic terminals and enters into postsynaptic sites through NMDA/ AMPA glutamate receptors or calcium channels (Frederickson et al. 2005) , raising the possibility that glutamatergic transmission may regulate PSD structure through Zn 2þ (Grabrucker et al. 2011 ). Homer forms tetramers in which two parallel dimers interact in a tail-to-tail manner. Interestingly, Homer added to Shank in a 1:1 ratio leads to formation of meshlike structures visible under EM, which may contribute to scaffolding of the PSD (Hayashi et al. 2009 ).
Further aspects of PSD 3D structure have been revealed by EM tomography (Fig. 4A-C ) (Chen et al. 2008a,b) . The PSD contains numerous filaments ( 5 nm Â 20 nm) oriented perpendicularly to the synaptic membrane (Fig. 4D,E) ; these "vertical filaments" probably correspond to PSD-95 molecules in extended conformation, as evidenced by direct immuno-EM labeling . A PSD of 400 nm diameter contains 400 evenly spaced vertical filaments, which matches the number of PSD-95 family proteins found in an average PSD. EM tomography also detects membrane particles (Fig. 4F,G) that have dimensions, numbers, and distributions consistent with them being AMPA-and/or NMDAtype glutamate receptor complexes Chen et al. 2008b ). These putative glutamate receptor complexes often associate on the intracellular side with the vertical filaments, and on their extracellular side with putative adhesion molecules (3 -4-nm-wide filaments) that span the synaptic cleft (Chen et al. 2008b ). Short ( 20 nm) and long (30 -35 nm) "horizontal filaments" are found in the deep part of the PSD, often contacting the vertical filaments (Fig. 4H,I ). It is tempting to speculate that the horizontal filaments are made up of GKAP and/or Shank and/or Homer scaffolds, which link to each other and PSD-95 (Kim et al. 1997; Naisbitt et al. 1999) . Specific knockdown of PSD-95 in cultured neurons leads to a patchy loss of PSD structures, including loss of PSD-95-containing vertical filaments, associated horizontal filaments, and putative AMPA receptor-type but not NMDA receptor-type structures .
DEVELOPMENTAL CHANGES IN THE PSD
The structure and composition of PSDs change during maturation of synapses (Petralia et al. 2005; Swulius et al. 2010) . Expression levels of many PSD proteins (e.g., PSD-95, CaMKIIa, and AMPA receptor subunits) increase during development, reaching their peaks at 2-4 wk after birth and correlating with the formation and maturation of synapses in the brain (Sans et al. 2000; Petralia et al. 2005) . Synaptic localization of PSD proteins typically increases during postnatal development. Some PSD proteins, however, show reduced expression during postnatal development; e.g., the GluN2B (NR2B) subunit of NMDA receptors and SAP102 (a member of the PSD-95 family) (Monyer et al. 1994; Sheng et al. 1994; Petralia et al. 2005; Zheng et al. 2011) . As the brain develops, the GluN2B-SAP102 complex is increasingly replaced with the GluN2A (NR2A)-PSD-95 complex at synapses, which could lead to changes in receptor function and synaptic plasticity (Sans et al. 2000; Yoshii et al. 2003) . Likewise, the synaptic localization of AMPA receptors at different developmental stages appears to involve different PSD-95 family proteins; at immature synapses, SAP102 plays a critical role for synaptic AMPA receptor recruitment, whereas PSD-95 and PSD-93 are more important in mature synapses (Elias et al. 2006) .
As sensory systems mature and sensory input increases, sensory experience-and activity-dependent changes take place in synapse structure and function, accompanied by protein changes in the PSD. Exposure of dark-reared rats to light causes a rapid increase in synaptic levels of GluN2A (Quinlan et al. 1999) . Eye opening in rats promotes recruitment of PSD-95 to synapses and its association with GluN2A,
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Cite this article as Cold Spring Harb Perspect Biol 2011;3:a005678 but suppresses its association with GluN2B (Yoshii et al. 2003) . Furthermore, LTP-inducing stimuli can rapidly (within seconds) increase the ratio of GluN2A-containing NMDA receptors over GluN2B-containing receptors in neonatal (P2-9), but not in older (P16-21), slices (Bellone and Nicoll 2007) . The activity-dependent GluN2B-to-GluN2A switch requires activation of NMDA receptors and mGluR5 metabotropic glutamate receptors (Matta et al. 2011) . Thus, NMDA receptor composition and associated signaling complexes can be dynamically regulated in the PSD by activity, especially in immature synapses. (F ) On-edge view of the PSD at higher magnification in which one type of transmembrane structure has been rendered in green on its extracellular side and in blue on the cytoplasmic side of the postsynaptic membrane. These putative AMPA receptorlike structures are usually contacted by one vertical filament (red). (G) A second type of transmembrane structure ( putative NMDA receptors) is shown rendered in gold on its extracellular side and azure on its larger cytoplasmic side. These putative NMDAR-type structures are typically contacted by two vertical filaments (red). (H ) Cross section of PSD slightly tilted to reveal its cytoplasmic side. The vertical filaments (red) contact two types of horizontal filament, rendered in purple and white. (I) Schematic diagram showing the distribution and interactions of the two types of transmembrane structures, the vertical filaments and the two types of horizontal filaments. The azure and dark blue structures represent the cytoplasmic aspects of putative NMDA receptor and AMPA receptor complexes, respectively, and the red vertical filaments are likely composed of PSD-95. The vertical filaments connect transmembrane structures to an orthogonal, interlinked scaffold at the core of the PSD. (Figure adapted 
BASAL AND ACTIVITY-DEPENDENT PROTEIN TURNOVER IN THE PSD
Even in mature neurons, the PSD undergoes continual molecular turnover under basal conditions and shows larger changes in response to activity (Inoue and Okabe 2003) . The dynamic behavior of PSDs in living neurons in culture and in vivo has been typically visualized by GFP-tagged PSD-95, which localizes specifically in the PSD. This approach revealed that overall PSD structure undergoes continuous remodeling over a timescale of minutes to days (Blanpied et al. 2008; Minerbi et al. 2009 ). Within the PSD, however, mixing of existing PSD-95 molecules is relatively limited, suggesting that individual PSD-95 molecules, once integrated, maintain stable positions within the PSD (Blanpied et al. 2008) .
Proteins of the PSD turn over in large part by continuous exchange with counterparts outside of the PSD. Among the most dynamic are the AMPA-type glutamate receptors, which show rapid lateral diffusion in and out of the postsynaptic membrane (Cognet et al. 2006) . Regulated AMPA receptor insertion into, and removal from, the PSD are major mechanisms underlying the strengthening and weakening of synaptic transmission (Shepherd and Huganir 2007 ; see also Lüscher and Malenka 2011) . Although many molecular details have emerged about AMPA receptor trafficking, a remaining question is how the structural organization of the PSD is altered to enable AMPA receptor incorporation and removal during LTP and LTD. It is likely that remodeling of the actin cytoskeleton and regulated proteolysis of PSD components are crucial for synaptic rearrangements underlying plasticity (Cingolani and Goda 2008; Li et al. 2010; Bingol and Sheng 2011) .
PSD-95 is dynamically exchanged between neighboring PSDs in cortical neurons in vivo, with median synaptic retention times of PSD-95 within individual spines of 20 -100 min depending on age (Gray et al. 2006) . Measured by FRAP (fluorescence recovery after photobleaching) or by PAGFP ( photoactivatable green fluorescent protein) imaging, PSD-95 is relatively stable within the PSD, compared with other PSD components, such as SAP102, GKAP, Shank, Homer, CaMKIIa, GluA2 (GluR2), and stargazin (Kuriu et al. 2006; Sturgill et al. 2009; Zheng et al. 2010) .
PSD composition can also be rapidly modified by mechanisms including protein phosphorylation, palmitoylation, ubiquitination, and proteasome-mediated protein degradation. Phosphorylation of PSD-95 on Ser-295, mediated by JNK1, promotes localization of PSD-95 in the PSD , whereas PSD-95 phosphorylation on Ser-73 by CaMKIIa mobilizes it . Palmitoylation of PSD-95 favors its synaptic localization (ElHusseini Ael et al. 2002) . Activity-dependent degradation of synaptic proteins-which is required for LTP and LTD, as well as learning and memory (Colledge et al. 2003; Fonseca et al. 2006; Karpova et al. 2006; Lee et al. 2008 )-may be aided by the rapid redistribution of proteasomes to postsynaptic sites following synaptic stimulation (Bingol and Schuman 2006; Bingol et al. 2010) .
PSD composition also changes on a timescale of hours to days during synaptic scaling, which is a homeostatic adjustment of synaptic strength in response to long-term alterations in activity (Turrigiano 2008; see also Turrigiano 2011) . In addition to compensatory changes in synaptic AMPA receptor content (Turrigiano et al. 1998) , chronic elevation of synaptic activity leads to large-scale changes in PSD composition, due in part to ubiquitination and proteasome-mediated degradation of GKAP and Shank scaffolds (Ehlers 2003; Hung et al. 2010 ). PSD-95, which docks AMPA receptors at excitatory synapses via transmembrane AMPA receptor regulatory protein (TARP), and whose synaptic content changes by neuronal activity, is required for homeostatic synaptic scaling (Sun and Turrigiano 2011) .
BRAIN DISEASE AND PSD PROTEINS
Given the functional relationship of PSD proteins to synapse development, structure, and function, it is not surprising that mutations in many PSD proteins are associated with human neurologic and psychiatric disease (Bayes et al.
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POSTSYNAPTIC ORGANIZATION OF INHIBITORY SYNAPSES
Inhibitory synapses are mainly formed on the shaft of dendrites or around the neuronal cell body, and by EM, they show only a slight electron-dense thickening associated with the postsynaptic membrane and hence were described as symmetric (type II) synapses (Gray 1959) . This presumably reflects the fact that the inhibitory postsynaptic specialization is much less elaborate than the PSD of excitatory synapses.
The cardinal neurotransmitter receptors of central inhibitory synapses are the GABA A receptors and glycine receptors. These receptors interact directly with gephyrin, a well-known postsynaptic scaffold protein of inhibitory synapses (Prior et al. 1992; Luscher and Keller 2004; Craig and Kang 2007; Fritschy et al. 2008; Jacob et al. 2008) . Gephyrin is critical for glycine receptor clustering at inhibitory synapses, but appears less important for GABA A receptor clustering (Kneussel et al. 2001; Levi et al. 2004) . Conversely, however, GABA A receptors can recruit gephyrin to synapses (Essrich et al. 1998; Levi et al. 2004) . Thus GABA A receptors clustered at early inhibitory synaptic sites by mechanisms independent of gephyrin may be able to recruit gephyrin and other gephyrin-associated proteins to drive inhibitory postsynaptic differentiation (Fig. 5) .
Reminiscent of the major scaffolds in excitatory PSDs, gephyrin can self-multimerize and form a hexagonal lattice, and thus may function as a postsynaptic scaffold through which GABA A /glycine receptors functionally interact with gephyrin-associated proteins. Similar to PSD-95, gephyrin clustering is regulated by phosphorylation. GSK3b phosphorylation of Ser-270 impairs gephyrin clustering and inhibitory transmission (Tyagarajan et al. 2011) . Lithium chloride, an inhibitor of GSK3b, enhances gephyrin clustering in cultured neurons, suggesting that the mood-stabilizing effect of lithium may partly involve this mechanism.
About a dozen binding partners of gephyrin have been identified (Fritschy et al. 2008) . Although the functions of these protein interactions are largely unknown, some binding partners such as actin-associated proteins profilin and Mena/VASP are thought to link gephyrin to actin filaments (Giesemann et al. 2003) . In addition, gephyrin-associated dynein light chains have been implicated in motor-dependent transport of the gephyrin-receptor complex along microtubules/actin filaments and translocation of gephyrin from the cytoplasmic to a submembraneous compartment (Fig. 5) (Fuhrmann et al. 2002) .
As at excitatory synapses, synaptic adhesion molecules may guide the differentiation and maturation of inhibitory synapses by coupling axodendritic adhesion events with the recruitment of specific membrane and signaling proteins (Craig and Kang 2007; Siddiqui and Craig 2011) . A specific isoform of neuroligin (neuroligin 2) is specifically localized at inhibitory postsynaptic sites, and overexpression of neuroligin 2 promotes formation and function of GABAergic synapses in cultured neurons (Graf et al. 2004; Varoqueaux et al. 2004; Chih et al. 2005; Levinson et al. 2005; Chubykin et al. 2007) . Neuroligin 2 interacts on the extracellular side with presynaptic neurexins on GABAergic axons; via intracellular interactions it recruits postsynaptic gephyrin and gephyrinbound collybistin, a GEF for Cdc42 (Graf et al. 2004; Varoqueaux et al. 2004; Chih et al. 2005; Craig and Kang 2007; Poulopoulos et al. 2009 ). This is thought to enhance collybistin activation, membrane tethering of the gephyrin -collybistin complex, and recruitment of other gephyrin-associated proteins (Fig. 5) (Poulopoulos et al. 2009 ). Neuroligin 2 was also found to interact with S-SCAM, a PDZ domain protein present at inhibitory and excitatory synapses (Sumita et al. 2007) . Neuroligin 2 deletion in mice does not eliminate inhibitory synapses, although it leads to impairments in inhibitory synaptic transmission (Varoqueaux et al. 2006; Gibson et al. 2009; Hoon et al. 2009; Poulopoulos et al. 2009 ), suggesting that neuroligin 2 is more important for the functional maturation of inhibitory synapses than for their formation.
In addition to neuroligin 2, neuroligin 3 and neuroligin 4 are found at inhibitory synapses. Neuroligin 3 is detected at both excitatory and inhibitory synapses (Budreck and Scheiffele 2007) . The impaired inhibitory transmission induced by triple knockdown of neuroligins 1 -3 is rescued by neuroligin 3 expression, although to a lesser extent than with neuroligin 2, suggesting that neuroligin 3 contributes to inhibitory transmission (Shipman et al. 2011 ). Neuroligin 4 is primarily localized at glycinergic synapses in various brain regions (Hoon et al. 2011) . Neuroligin 4 forms a complex with gephyrin and collybistin in vivo, and functionally modulates glycinergic transmission, as shown by the slowed glycinergic currents in neuroligin 4-deficient mice (Hoon et al. 2011) . Lastly, independent of neuroligins, neurexin has been found to interact with GABA A receptors and suppress GABAergic transmission (Zhang et al. 2010) .
Regulation of GABA A receptor trafficking may determine inhibitory synaptic strength and hence neuronal excitability (Luscher et al. 2011) . Newly synthesized GABA A receptors translocate to the plasma membrane through the secretory pathway, aided by specific proteins such as PLIC, GODZ, and BIG2, which regulate protein degradation, protein palmitoylation, and transGolgi exit of GABA A receptors, respectively. GABA A receptors are initially inserted into the extrasynaptic plasma membrane, and laterally diffuse into synaptic sites (Bogdanov et al. 2006) . Extrasynaptic GABA A receptors can be stabilized at the surface by interaction with radixin, an actin filament-associated protein (Fig. 5 ) (Loebrich et al. 2006) . More than 20% of extrasynaptic GABA A receptors are internalized within 15 min via phosphorylation-dependent interaction with endocytic proteins. Internalized GABA A receptors are recycled back to the plasma membrane or trafficked to the lysosomal pathway for degradation, depending on their interaction with huntingtin-associated protein 1 (HAP1). HAP1 functions as an adaptor protein linking GABA A receptors to the KIF5 kinesin motor for microtubule-dependent and anterograde trafficking of GABA A receptors to the plasma membrane (Twelvetrees et al. 2010) . Conversely, muskelin, a multidomain protein, promotes retrograde trafficking of GABA A receptors by linking GABA A receptors to the actin-dependent motor myosin VI and the microtubule-dependent motor dynein for receptor endocytosis and degradation (Heisler et al. 2011) .
Inhibitory synapses are fundamentally different from excitatory synapses with regard to the nature of neurotransmitter receptors and associated proteins. However, many of the organizing principles appear to be shared between excitatory and inhibitory postsynaptic specializations, including the involvement of adhesion-facilitated differentiation, scaffold-based assembly of receptors and signaling proteins, and dynamic and activity-regulated trafficking of neurotransmitter receptors in and out of synapses.
CONCLUSIONS
Although the protein components of the excitatory PSD are now largely revealed, the molecular organization of the postsynaptic specialization of excitatory synapses is still not well understood in terms of 3D structure and functional significance. Inhibitory synapses lag even further behind excitatory synapses in these respects. How the composition, geometry, and function of postsynaptic specializations are altered during activity-dependent plasticityand by neurological and psychiatric diseaseremain important questions. Further studies are needed to understand how diverse signaling mechanisms within neurons (e.g., neurotrophin, apoptosis, autophagy, and transcription factor signaling pathways) impinge on the structure, composition, and function of excitatory and inhibitory postsynaptic specializations. Aberrant development and regulation of the PSD owing to genetic defects in key proteins, which can lead to imbalance between excitation and inhibition in neuronal circuits, are emerging as common etiological factors in autism, intellectual disability, and mental illness. Thus understanding the functional organization and the diversity of PSDs is of utmost importance for revealing the neurobiological basis of human brain disorders.
